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ABSTRACT  
 
Internal combustion engines release about 1/3 of the energy bound in the fuel as exhaust 
waste gas energy and another 1/3 energy is wasted through heat transfer into the ambient. On 
the other hand losses through friction are the third largest root cause for energy loss in internal 
combustion engines. During city driving frictional losses can be of the same size as the 
effective work, and during cold start these losses are even bigger. Therefore it is obvious to 
utilise wasted exhaust energy to warm up the engine oil directly. Frictional losses of any 
engine can be reduced during part load. Sensitivity analyses have been conducted for different 
concepts that utilise exhaust energy to reduce engine viscosity and friction. For a new system 
with an exhaust gas/oil heat exchanger the following benefits have been demonstrated: 
 
 Fuel consumption reductions of over 7% measured as an average over 5 NEDC tests 
compared to the standard system configuration.  
 Significant reductions in exhaust emissions, mainly CO and NOx have been achieved 
 Significantly higher oil temperatures during cold start indicate large potential to 
reduce engine wear through reduced water condensation in the crankcase 
 Fuel consumption reductions of further 3.3% to 4.6% compared to the 7% measured 
over the NEDC test can be expected under real world customer usage conditions at 
lower ambient temperatures.  
 
Oil temperature measurements and analysis resulted in the idea of a novel system with further 
potential to reduce fuel consumption. This Oil Viscosity Energy Recovery System (OVER 
7™) consists of 3 key features that add significant synergies if combined in a certain way: an 
oil warm up circuit/bypass, including oil pressure control and Exhaust Gas/Oil Heat 
Exchanger. The system separates the thermal inertias of the oil in the engine galleries and the 
oil pan, reduces hydraulic pumping losses, increases the heat transfer from the cylinder head 
to the oil, and utilises the exhaust heat to reduce oil friction. 
 
The project demonstrated that sensitivity analysis is an important tool for the evaluation of 
different concepts. Especially for new concepts that include transient heat transfer such a 
qualitative approach in combination with accurate experiments and measurements can be 
faster and more efficient in leading to the desired improvements compared to time consuming 
detailed simulations.  
 
 
 
TECHNICAL PAPER  
 
INTRODUCTION 
 
Passenger cars utilise only around 10 to 20% of the energy of the fuel that is burned even 
though maximum efficiencies up to 35% are possible for gasoline engines (1). Most of the 
energy dissipates through heat transfer into the ambient by convection and radiation, mainly 
by transferring energy into the coolant system, but also by transferring energy directly into the 
ambient. The second biggest source of energy loss is through mass transfer of hot exhaust 
gases into the ambient. For an engine at normal warm operating conditions the losses due to 
engine friction account for typically between 10 % at full load and up to 40% during part load 
(2). The fuel consumption is measured at much lower test temperatures between 20°C and 
30°C for the New European Drive Cycle (NEDC). For these temperatures the friction can be 
2.5 times higher compared to hot engine operation (2), (3). The main reason for that is the 
strong increase of engine viscosity at lower temperatures for example by a factor of up to 100 
if the temperature drops from 100°C to 20°C, and viscosity is an expression of the internal 
friction of a fluid (4). Even for a low friction oil like SAE10W-30 the viscosity is multiplied 
30 times for the same temperature drop (4). Ford investigated the effect of different test 
temperatures on fuel economy by testing 3 different cars from various manufacturers and with 
different engine sizes and –concepts over a range of temperatures. The vehicles were soaked 
and tested at temperatures of -7°C, 0°C, 10°C and 24°C, after the tests at 24°C also a hot test 
was run immediately after the “cold” test. The results showed a fuel consumption reduction of 
between 5% and 10% for a 10°C increase in test- and soak temperature (5), (6), (figure 1). 
That means that reducing the friction losses by utilising waste heat from the cooling system 
and exhaust gases to reduce engine oil viscosity and friction offers a huge potential for 
reducing energy consumption.  
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Figure 1: Fuel consumption as a function of test temperatures (6) 
 
Some studies have analysed the potential to use exhaust energy to warm up the coolant with 
an exhaust gas/coolant heat exchanger. The main driver for this was mainly to improve cabin 
warm up but fuel economy effects were also investigated. However, only very small fuel 
economy improvements of up to 1% could be verified, sometimes the fuel consumption was 
actually increased (7), (8). The reasons for that is basically a very suboptimal which will be 
illustrated with a relatively sensitivity analysis.  
 
HEAT TRANSFER SENSITIVITY ANALYSIS GAS/COOLANT HEAT EXCHANGER 
 
Figure 2 shows the heat losses during the heat transfer from the gas to the engine oil. It shows 
six different processes where heat is lost. First of all the exhaust typically passes a three way 
flap valve that opens and closes the heat exchanger passage or a bypass. For the heat 
exchanger that was tested as it will be described later, a standard production part from a 
Citroen C4 Diesel was used.  
 
 
 
Figure 2: Heat transfer losses from exhaust gas to oil 
 
To safety margins to allow for thermal expansion this valve has a leakage surface (right dark 
area) of around 15% compared to the open surface area enclosed by the centre line and left 
side, as displayed in figure 3. That results in a valve efficiency ηV = 0.85. 
 
 
 
Figure 3: Valve leakage area calculation 
 
Now the remaining exhaust gas heat is transferred to the coolant, a typical efficiency ηGC of 
80% is assumed for this heat exchanger.  
 
The next step is to transfer the heat from the coolant into the metal structure that holds the oil, 
mainly the oil pan, cylinder block and cylinder head. However, the cylinder head typically 
warms up much faster than the coolant because of the direct heat transfer from the 
combustion chamber, so the higher coolant temperature only reduces the heat loss from the 
combustion chamber because of a smaller temperature difference. The same applies for main 
parts of the cylinder block, and the oil pan is not in contact with the coolant anyway. Due to 
the reduction of heat loss an equivalent “efficiency” ηCS of 50% is assumed considering the 
cylinder head and –block as a heat exchanger. This metal structure (block and head) 
manufactured in a type of casting process also is typically much thicker compared to the thin 
sheet metal walls of a dedicated heat exchanger. This extra thermal mass needs to be warmed 
up before the heat can be transferred from the metal into the oil to reduce friction.  
 
Again the cylinder head, -block and oil pan are considered to act as a heat exchanger also for 
the transfer from the metal to the oil. This heat transfer process is much less efficient 
compared to a normal heat exchanger, because of several reasons: firstly the temperature 
difference between the ambient air (around 25°C) and the metal is much bigger – typically 
around 75°C at the end of a test - than the temperature difference between the metal and the 
oil, which typically is only a maximum of around 25°C in the middle of the test zero at the 
start and 10° at the end of the test. So an average difference of 35 C was assumed for the 
difference air to metal and only 12 C for the difference metal to oil for this sensitivity 
analysis. This results in a “temperature difference efficiency” of ηdT = 34%.  
 
Another factor that makes that heat transfer process less efficient is the relatively small 
surface areas of the oil galleries in block and head in relation to the surface area of head block 
and oil pan in contact with the air. A surface area ratio ηSA = 10% is assumed.  
 
Finally the little remaining heat needs to heat up all the engine oil including the oil in the oil 
pan which – around 4.5l – which does not contribute a lot to the friction. The oil that needs to 
be warmed up as fast as possible is the oil that is moving through the oil galleries, the oil 
pump, filter, bearings, turbo charger, VCT, etc. This is only around 0.5l or 10% in relation to 
the total oil volume resulting in an “oil efficiency” ηO = 0.5l/5.0l  = 10%. The total heat 
transfer efficiency is a product of all efficiencies: 
 
η total = ηV ηGC ηCS ηdT ηSA  ηO  = 0.85 x 0.8  x 0.5 x 0.34 x 0.1 x 0.1 = 0.12%   (1) 
 
That means that with a typical exhaust gas/coolant heat exchanger only 0.1% of the available 
exhaust gas is transferred into the oil, so it is no surprise that no significant fuel consumption 
reductions have been achieved with these systems. 
 
NEW SYSTEM WITH EXHAUST GAS/OIL HEAT EXCHANGER 
 
In a next step the same heat exchanger from the previous sensitivity analysis was installed in 
the lubrication system of a vehicle. The test vehicle was a Ford Falcon with a turbo charged 
4.0 litre I6 engine and automatic transmission. The heat exchanger was installed behind the 
catalyst under the floor of the vehicle, relatively far away from the engine. The oil side of the 
exhaust gas heat exchanger was connected in the pressure line between the engine block and 
the oil filter as illustrated in figure 4. A standard adapter plate was used that is typically used 
to install external heat exchangers, for example for engine dyno tests or performance 
upgrades.  Even though not optimal, the heat transfer process from the exhaust gas to the oil is 
much more efficient: The first two steps valve efficiency and standard heat exchanger 
efficiency are considered to be unchanged. The oil efficiency changes a little due to the extra 
oil volume in the exhaust gas heat exchanger and the relatively long connecting hoses, 0.3l 
extra volume are assumed resulting in an oil efficiency of 0.5l/5.8l = 9.4% is assumed. That 
leads to the total heat transfer efficiency 
 
η total = ηV ηGO ηO  = 0.85 x 0.8 x 0.094 = 6.4%       (2) 
 
Although this efficiency is still quite small in absolute terms it is more than 50 times bigger 
than for the exhaust gas/coolant heat exchanger. Now it can be argued that if the oil now 
warms up faster than the cylinder head and more likely the cylinder block and oil pan metal 
structure, some of this extra heat from the oil might get transferred back into the metal and 
into the coolant. However, the magnitude of this effect is more difficult to access and needs a 
proper CFD model instead of a simple sensitivity analysis. 
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Figure 4: System diagram with full flow exhaust gas/oil heat exchanger 
 
TEST RESULTS 
 
To evaluate the potential of the of the exhaust gas/oil heat exchanger installation the vehicle 
was tested in two configurations: first without the heat exchanger activated and secondly with 
the heat exchanger. Because vehicle emissions and fuel consumption tests are always 
associated with a certain test to test variability for example due to differences in soak 
temperature, driver influence etc. (6) , 5 tests were conducted in each condition and averages 
were calculated for the results to increase the confidence level. Figure 5 shows a quite large 
reduction in fuel consumption of a little more than 7% over the NDEC combined cycle and 
more than 8% for the urban part. The equivalent average CO2 reduction was 21g/km. Exhaust 
emissions could also be reduced significantly: The largest reductions were achieved for the 
CO emissions were reduced by 27%, NOx emissions were reduced by 19% and for the Hydro-
Carbon emissions no significant difference was measured as shown in figure 6. 
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Figure 5: Fuel Consumption reduction with new exhaust gas/oil heat exchanger configuration 
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Figure 6: Emission reduction with new exhaust gas/oil heat exchanger configuration 
 
One of the most interesting results was the analysis of the oil temperatures. Figure 7 shows 
several oil temperatures: the dotted lines are always with heat exchanger active and the solid 
lines show the standard configuration. The blue lines are the temperatures of the oil flowing 
from the engine into the heat exchanger, the red lines are the oil temperatures after the heat 
exchanger flowing into the engine and the black lines are the recordings from the standard oil 
temperature sensor in the main oil gallery. 
 
The most interesting phenomenon is that with the heat exchanger active the oil temperature 
rises sharply within the first 100 seconds to almost 80C, then it decreases, rises again to 92 C 
simultaneous with the increase in vehicle speed, but surprisingly it drops after that until a 
more or less constant temperature difference of 25 C is achieved which increases to over 35 C 
in the high speed part of the extra urban cycle at the end of the test. The temperature in the 
main oil gallery shows a similar behaviour but much delayed and dampened. The rapid 
increase starts only after 100 seconds and there is no decrease in temperature afterwards, only 
a small decrease of the difference between the standard conditions. The oil that is pumped 
into the heat exchanger out of the oil pan shows a growing difference over time between on 
and off condition. 
 
 
 
Figure 7: Oil temperatures with and without new exhaust gas/oil heat exchanger  
 
 
DISCUSSION OF BENEFITS AND CAUSES 
 
Oil Temperatures 
 
The rapid increase of the temperature out of the heat exchanger can be explained as follows: 
at the test start the oil pressure relieve valve is open and most of the oil flows through the 
relieve valve instead through the engine bearings. The reason is the very high oil pressure due 
to the increase in oil viscosity at low temperatures. So the oil flow through the heat exchanger 
(HE) is quite small leading to a sharp temperature increase. At a certain temperature the 
pressure relieve valve closes so instantaneously the flow through the heat exchanger increases 
significantly resulting in a reduction of temperature. During the middle of the test this 
temperature starts rising again with a more or less constant offset compared to without heat 
exchanger, this indicates a more or less stable condition. At the end of the test with the 
highest speed of 120km/h this oil inlet temperature rises again faster than without HE due to 
higher exhaust gas flow rates. 
 
Fuel Consumption 
 
Achieving 7% reduction of fuel consumption means such a system has a huge potential to be 
introduced into series production. This improvement is at least 50 to 70% of the so called 
cold/hot factor which is typically between around 10% and 15% (6), (9), (10). The definition 
of the cold hot factor is the difference between the fuel consumption of a cold test and a hot 
test that is followed directly after the cold test divided through the hot test fuel consumption. 
It is interesting to notice that not only the urban part 1 resulted in a large improvement of 8% 
which was expected because this is the part with the coldest temperatures and the dependence 
of viscosity on temperature is logarithmic. Simulations were conducted by Farrant et al. (11) 
that predicted fuel consumption changes for constant temperatures compared to the baseline 
engine. It was estimated that for a constant engine temperature of 94°C the fuel consumption 
over the ECE15 cycle could be reduced by 20% compared to only 2% reductions over the 
extra urban drive cycle (EUDC) and 12% for the combined NEDC. The high fuel 
consumption reduction during the second part as several reasons: firstly the temperature 
difference between on and off are much bigger in the second part, particularly for the cold 
temperature coming out of the engine, where the difference is around 4 times bigger. 
Secondly during the EUDC the engine speed is much higher compared to the urban part 
which means that the friction is also higher and more important in absolute terms and as a 
percentage from the effective power (2) so a higher temperature helps twice. 
 
Further fuel consumption reductions can be expected in real world customer driving 
conditions, for example at lower temperatures. Over a whole year the average ambient 
temperature in Europe is around 11°C which is 13°C lower compared to the test of this study. 
According to (6) this lower temperature will increase fuel consumption in the standard 
configuration without HE by between 6.5% and 9.1%. These higher results on the other hand 
offer a much greater reduction potential by heating up the oil faster. Because the over 50% of 
the cold hot factor could be reduced with the HE the real world benefit is also expected to be 
at least 50% of the higher fuel consumption at lower temperatures. This means that the real 
world fuel consumption at 11°C ambient temperature with HE would be between 3.3% and 
4.6% lower compared to the standard configuration without HE. 
 
Emissions 
 
The large reductions in CO emissions can be explained by reduced wall quenching due to 
higher oil temperatures – which also define the wall temperatures in the combustion chamber 
on the cylinder liner – in combination with reduced exhaust mass flow. NOx emissions 
improvements can be explained also by reduced mass flow which also reduces the load and 
combustion temperatures which mean that less NOx emissions are created during combustion. 
Increased water condensation also dissolves some NOx. That is one of the reasons that water 
condensation is not allowed during the emissions sampling system for emission certification 
testing. It could be expected that the HC emissions would also be reduced significantly due to 
reductions in flame quenching in combination with reduced mass flow. However, a significant 
amount of HC emissions comes from the oil emissions up to 30% (12). If the oil temperature 
is higher, more oil can evaporate in the combustion chamber, so that the benefits of lower 
mass flow and reduced quenching can be offset.  
 
Engine Wear 
 
During a typical oil change interval of 15,000km around 10kg of water flows through the 
crankcase of a typical gasoline engine.  Assumptions for this estimation are an average blow 
by of 10l/min (13), an average vehicle speed of 50km/h and a water content of 9.2% in the 
exhaust (14). Most of that water is re-circulated into the intake manifold. However, some of 
the water vapour condensates at the metal walls and oil surfaces when these surfaces are 
colder than 100°C. The water mixes with the oil and “promotes the formation of acids 
corrosion and oil aging” (15). In (16) wear rates for valve train chains were measured under 
different test temperatures. At cold engine oil temperatures between 20 and 50°C wear rates 
of up to 150g/hr were measured, a factor 30 times higher compared to tests conducted at 
higher oil temperatures between 110 and 140°C. That means if oil temperatures below 100°C 
can be avoided, engine wear can be reduced. Higher wear rates due to low engine oil 
temperatures is a particular problem for vehicles with hybrid engines. The 2007 Toyota 
Camry Hybrid for example has a reduced oil change interval of only 8000km and the 
handbook includes warnings about potential oil thickening is these shorter oil intervals are not 
followed (17). 
 
 
CONCLUSIONS: NEW OIL VISCOSITY ENERGY RECOVERY SYSTEM - OVER7™ 
 
Although previous studies only showed marginal fuel consumption reductions through 
exhaust gas heat exchangers or external heat supply to the oil (7), (8), (10) this project showed 
that sensitivity considerations are an important tool for evaluation of different concepts. 
Especially for new concepts that include transient heat transfer such a qualitative approach in 
combination with accurate experiments and measurements can be faster and help leading 
towards the desired improvements compared to time consuming detailed simulations. Often 
these simulation models are only valid for a particular system configuration because the 
reliance on empirical measurements. However, these simulation models are very useful for 
parameter studies within a well know area. 
 
The heat transfer sensitivity study in combination with the analysis of the temperature traces, 
in particular the oil temperatures after the HE, lead to the idea of a novel system that utilises 
the higher oil viscosity at low temperatures to partially separate the thermal inertias of the oil 
in the oil pan from the oil that runs through the oil galleries. The system uses an oil return 
bypass connected directly to the oil pump (or oil pick up tube) so that a certain portion of the 
oil does not need to flow through the oil sump. That will reduce or even eliminate the flow 
through the pressure relieve valve during cold start. This by-pass helps to increase the heat 
transfer from the cylinder head to the oil, so the overall heat transfer process will be much 
more efficient. The by-pass flow rate - and therefore also the engine oil pressure - is 
controlled by a valve located in the oil by-pass. That reduces the hydraulic power of the oil 
pump, similar as for variable oil pumps. The new system is called Oil Viscosity Energy 
Recovery System OVER7™. Additional to the separation of thermal inertias and the 
reduction in oil pressure and oil pump power absorption the system improves the heat transfer 
from the cylinder heat and HE to the oil. Analysis of the theoretical benefits and experimental 
verification will be the subject of further studies. 
 
SUMMARY 
 
The project successfully verified the significant potential of using exhaust heat to reduce 
engine friction not only during cold start. 7% fuel consumption reduction was measured in 
emission tests on vehicle chassis rolls. The test results were backed up with a sensitivity 
analysis that demonstrated the advantages of heating up oil directly through exhaust gas. 
Other advantages are significant emission reductions and reduced engine wear rates. The 
analysis of the temperature recordings resulted in the idea of an even more effective system to 
reduce fuel consumption, emissions and engine wear called OVER7™. The system is well 
suited for any powertrain configuration including Diesels, Hybrids or alternative fuels. 
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